In polytene chromosomes of Drosophila melanogaster, regions of pericentric heterochromatin coalesce to form a compact chromocenter and are highly underreplicated. Focusing on study of X chromosome heterochromatin, we demonstrate that loss of either SU(VAR)3-9 histone methyltransferase activity or HP1 protein differentially affects the compaction of different pericentric regions. Using a set of inversions breaking X chromosome heterochromatin in the background of the Su(var)3-9 mutations, we show that distal heterochromatin (blocks h26-h29) is the only one within the chromocenter to form a big ''puff''-like structure. The ''puffed'' heterochromatin has not only unique morphology but also very special protein composition as well: (i) it does not bind proteins specific for active chromatin and should therefore be referred to as a pseudopuff and (ii) it strongly associates with heterochromatin-specific proteins SU(VAR)3-7 and SUUR, despite the fact that HP1 and HP2 are depleted particularly from this polytene structure. The pseudopuff completes replication earlier than when it is compacted as heterochromatin, and underreplication of some DNA sequences within the pseudopuff is strongly suppressed. So, we show that pericentric heterochromatin is heterogeneous in its requirement for SU(VAR)3-9 with respect to the establishment of the condensed state, time of replication, and DNA polytenization.
I
N Drosophila melanogaster, chromatin is organized generally into two distinct types: euchromatin (eu) and heterochromatin. Condensed throughout most of the cell cycle, the heterochromatin is located predominantly around centromeres. Enrichment of repetitive DNA sequences, low density of unique genes, and late replication in S-phase are the primary features of the heterochromatin that are established early in development (Dimitri et al. 2005) . Additionally, in polytene chromosomes, pericentric heterochromatin (PH) regions are highly underreplicated and are fused to form a single chromocenter (reviewed by Gatti and Pimpinelli 1992; Zhimulev 1998; Grewal and Elgin 2002) . The presence of histone variants and specifically modified histones as well as the recruitment of a number of PH-associated nonhistone proteins is considered to play a central role in the establishment and maintenance of the repressive higher-order chromatin structure of PH (Turner et al. 1992; Richards and Elgin 2002; Kamakaka and Biggins 2005) .
Current models for heterochromatin formation suggest that it is a multi-step process (Swaminathan et al. 2005) . Methylation of histone H3K9 by histone methyltransferase (HMTase) SU(VAR)3-9 is a key step in creating binding sites for HP1, which associates with PH through its chromodomain (Rea et al. 2000; Bannister et al. 2001; Lachner et al. 2001; Nakayama et al. 2001) . The predominant targeting of SU(VAR)3-9 to the polytene chromocenter, in turn, is dependent on functional HP1 protein (Schotta et al. 2002) . The latter is known to interact with a large number of other proteins and, thus, to contribute to various cell processes (Eissenberg and Elgin 2000; Li et al. 2002) . Recently, HP1 was shown to target and cooperate with another heterochromatinspecific protein, SU(VAR)3-7 (Cleard et al. 1997; Delattre et al. 2000; Spierer et al. 2005) , which has affinity for DNA (Cleard and Spierer 2001; Perrini et al. 2004) . Additionally, interaction of SU(VAR)3-7 with SU(VAR)3-9 has been revealed by yeast two-hybrid assay (Schotta et al. 2002) and in vivo (Delattre et al. 2004) . Thus, the targeting and/or proper distribution of these nonhistone proteins in chromatin appear largely interdependent.
Eu-heterochromatin dichotomy in classification of Drosophila chromatin is, however, only a simplification. First, numerous intercalary heterochromatin (IH) regions are distributed along the euchromatic arms. The IH displays features characteristic of PH such as late 1 replication in S-phase, underreplication in polytene chromosomes, and transcriptional inactivity in salivary glands . IH regions are now considered to be sites of epigenetic silencing of specific clusters of unique genes (Belyakin et al. 2005) .
Second, special eu-heterochromatin transition zones can be distinguished, which probably evolved in wildtype chromosomes to separate two types of chromatin state. These zones appear to be of dual nature, displaying both the eu and the heterochromatic properties (Devlin et al. 1990; Mitchelson et al. 1993; Berghella and Dimitri 1996; Moshkin et al. 2002; Greil et al. 2003) . Furthermore, it is widely accepted that genes require their native chromosomal environment to be expressed properly. Eu-heterochromatin junctions, newly arisen as a result of chromosomal rearrangements, often lead to drastic local changes in chromatin organization, which can result in stochastic transcriptional silencing of mislocated genes (reviewed by Weiler and Wakimoto 1995; Elgin 1996) . This phenomenon, termed position-effect variegation (PEV), correlates with spreading of heterochromatin proteins along an adjacent euchromatic region, which acquires a heterochromatin-like structure and becomes late replicating (reviewed by Belyaeva et al. 1993; Zhimulev 1998; Ebert et al. 2004) .
Finally, the PH is shown to be heterogeneous itself at different levels of its organization. A series of distinct blocks revealed within mitotic PH by differential staining (Gatti et al. 1994) as well as the ''islands'' of complex DNA sequences distributed along extensive areas of simple satellites (Le et al. 1995 , Sun et al. 2003 reflect the complexity of PH structure. Heterochromatic regions also differ in their ability to induce PEV (reviewed in Zhimulev 1998) . Some nonhistone proteins were demonstrated to associate differentially with PH components: the AT-hook protein D1 plays a direct role in assembly of AT-rich heterochromatin, specifically binding to some satellite repeats (Aulner et al. 2002) . In D. melanogaster, CID protein replaces the histone H3 in centromeres and is essential for their function (Ahmad and Henikoff 2002) . Additionally, the SUUR protein, mutational loss of which is known to suppress underreplication of heterochromatic regions, affects all IH regions, although PH is affected only partially (Belyaeva et al. 1998; Belyakin et al. 2005) . However, our understanding of how characteristic heterochromatin proteins contribute to heterogeneous structure of PH is far from complete. SU(VAR)3-9, HP1, SU(VAR)3-7, and SUUR are encoded by genes that have been identified as dominant modifiers of PEV (Tschiersch et al. 1994; Cleard et al. 1997; Belyaeva et al. 2003) . Su(var)3-9 dominates the PEV modifier effects of Su(var)2-5 (HP1) and Su(var)3-7 genes (Schotta et al. 2002) . The silencing potential of SU(VAR)3-9 clearly depends on its HMTase activity, which controls most H3K9 di-and trimethylation at PH (Ebert et al. 2004) . To gain insight into the role of SU(VAR)3-9 in vivo, we investigated the consequences of loss or reduction of its HMTase activity for the structure and replication of heterochromatin in salivary gland polytene chromosomes, focusing on the distal heterochromatin of the X chromosome (distal Xh). Strong local decompaction of the distal Xh (pseudopuff formation) was found in the absence of either SU(VAR)3-9 or HP1, which is accompained by changes in the replication state of heterochromatin and a set of heterochromatin-specific proteins.
MATERIALS AND METHODS
Fly stocks and constructs: Flies were reared on standard medium at 25°. Su(var)3-9 alleles used were Su(var)3-9 07 , Su(var)3-9 06 , and Su(var)3-9 22 (Ebert et al. 2004) . The heteroallelic combinations Su(var)3-9 07 /Su(var)3-9 06 and Su(var)3-9 22 / Su(var)3-9 06 were identified in a progeny from the cross Su(var)3-9 mut /TM6C 3 Su(var)3-9 06 by the absence of the Tubby marker. The Suppressor of Underreplication (SuUR) mutation was originally detected in the In(1)sc V2 stock (Belyaeva et al. 1998 ). Double-mutant flies SuUR Su(var)3-9 06 were obtained by recombining these mutations from ru h SuUR and e ro Su(var)3-9 06 chromosomes. 4xSuUR
1 stock contains two endogenuous and two transgenic copies of the SuUR 1 gene . A series of stocks were constructed in which In (1) were introduced only on the SuUR Su(var)3-9 06 background. We generated the Su(var)3-9 06 Sgs3-GAL4 stock by recombining the Sgs3-GAL4 transgene (Cherbas et al. 2003) onto the Su(var)3-9 06 background. Effect of Su(var)3-9 overexpression was analyzed in GAL4.UAS system (Brand and Perrimon 1993) in a progeny from the cross UAS-Su(var)3-9 1 -EGFP; Su(var)3-9 06 3 Su(var)3-9 06 Sgs3-GAL4. Description of balancers, mutations, and chromosomes not specifically mentioned here is given in FlyBase (Drysdale et al. 2005) .
Cytology: Fluorescence in situ hybridization (FISH) on polytene chromosomes was performed as described in Koryakov et al. (2003) . DNA clones were labeled with biotin-16-dUTP (Roche) in random-primed polymerase reaction with a Klenow fragment; a 6.4-kb BamHI-XbaI fragment of the su(f) gene (Yamamoto et al. 1990 ); a 0.9-kb HindIII fragment of the 28S rRNA gene (Tautz et al. 1988 ); a 1.15-kb BglII fragment from Stellate repeats (Tulin et al. 1997) ; and c23, a 45-kb DNA fragment from the white locus (Pirrotta et al. 1983) were used.
Immunostaining was performed as described in Czermin et al. (2002) . The primary antibody dilutions used were as follows: rabbit polyclonal anti-SUUR (E-45), 1:50; mouse monoclonal anti-HP1 (CA19), 1:80; rabbit polyclonal HP2, 1:600; rabbit polyclonal SU(VAR)3-7, 1:400; rabbit polyclonal antiH4AcK12 (Serotec, Oxford), 1:100; mouse monoclonal Z4, 1:30; rabbit polyclonal JIL-1, 1:100; rabbit polyclonal H3Me3K4 (Abcam), 1:100; monoclonal H14 mouse IgM antibodies against the Ser5-phosphorylated CTD of RNA polymerase IIPolIIo (Covance), 1:50; rabbit polyclonal anti-MSL2, 1:50. The squashes were incubated with secondary FITC or rhodaminelabeled goat anti-rabbit and anti-mouse IgG-specific conjugates (Abcam, 1:200) or with anti-mouse IgM-FITC conjugates [Sigma (St. Louis), 1:250]. The labeling signal by SU(VAR)3-7 antibodies was enhanced by using rabbit FITC anti-goat IgGspecific conjugates (Sigma, 1:200) .
Labeling of polytene chromosomes with 59-iodo-29-deoxyuridine (IdU, Sigma) was performed as described in Andreyeva et al. (2005) . To ensure reproducibility of labeling, immunostaining and IdU incorporation were performed three to five times with 5-10 slides in each experiment. Preparations of salivary gland chromosomes stained with acetic orcein were made by standard method.
Pulsed-field electrophoresis and Southern blot hybridization: Salivary gland nuclei isolated from the third instar larvae were embedded into agarose and DNA was treated in agarose inserts as described in Karpen and Spradling (1990) . The DNA samples were digested with NotI and fractionated by contour-clamped homogeneous electric field pulsed-field gel electrophoresis on a Bio-Rad (Hercules, CA) DRII apparatus.
Electrophoresis conditions were 6 V/cm at 14°and 3-30 sec linearly ramped pulses for 16 hr in 0.53 TBE.
After pulsed-field gel electrophoresis, DNA was transferred to the Hybond-N filter (Amersham-Pharmacia-Biotech) and analyzed by Southern blot hybridization as described earlier (Karpen and Spradling 1990) .
Cosmid c23 DNA was labeled with [ 32 P]dATP to specific activities of 10 9 cpm/mg by random priming and was used as a probe for hybridization. Hybridization signals were analyzed qualitatively using Kodak XAR5 film.
Positions of NotI restriction sites within the white locus were determined according to the Berkeley Drosophila Genome Project, r 4.2 (http:/ /www.fruitfly.org).
RESULTS
Loss or reduction of SU(VAR)3-9 HMTase activity affects morphology and compaction state of pericentric heterochromatin: To investigate the role of SU(VAR)3-9 in establishment of large silent chromatin domains in vivo, we tested whether loss or decrease in its HMTase activity would affect PH morphology in salivary gland polytene chromosomes. To this end, we made use of the null-allele Su(var)3-9 06 and of two mutant alleles providing reduced HMTase activity levels, Su(var)3-9 07 and Su(var)3-9
22 (Ebert et al. 2004) . We found that the chromocenter is unusually large and appears more decondensed in the Su(var)3-9 mutants ( Figure 1 , A and B).
To gain further insight into the way in which SU(VAR)3-9 contributes to the characteristic condensation of distinct PH regions, we precisely analyzed section 20 of the X chromosome, which contains both the euheterochromatin transition zone and the distal part of the Xh. This region is enriched with repetitive DNA and replicates late in S-phase (for review see Zhimulev 1998) . Similarly to euchromatin, region 20 harbors many unique genes that share some features of known heterochromatic genes in their organization (Mitchelson et al. 1993) . Some DNA sequences within the region are underreplicated and virtually all of them are located within the chromocenter (Miklos and Cotsell 1990; Yamamoto et al. 1990; Koryakov et al. 1999) . To visualize this region 06 mutants is dramatically reduced in larvae with the Su(var)3-9 transgene ectopically overexpressed using the GAL4/UAS system. (F) In the absence of zygotic HP1 in w m4 ; Su(var)2-5 05 /Su(var)2-5 03 larvae, the PP of moderate sizes develops. Bar, 5 mm.
apart from the chromocenter and to dissect the distal Xh into fragments, we used a series of inversions with known breakpoints, which relocate different fragments of Xh next to the euchromatic sites. Since the PEV-inducing rearrangement In(1)w m4h (denoted hereafter as w m4
) is usually used to monitor for the presence of Su(var)3-9 mutations (Schotta et al. 2003; Ebert et al. 2004) , we first examined a distinct and well-characterized block of distal Xh relocated to euchromatic region 3C1-2 in w m4 . We found that in the Su(var)3-9 mutant background the region 20A-F in the inverted X chromosome acquires a distinct banding pattern: in contrast to one or two bands usually detected in the region of either the wild-type or the w m4 X chromosome (Kolesnikova et al. 2001; Semeshin et al. 2001) , we managed to map up to 14-18 bands within this region (Figure 1, C and D) . Furthermore, the chromosomal regions surrounding the eu-heterochromatin junction in the 20F-3C1-2 (Drysdale et al. 2005 ) region turned into an enormous ''puff'' (denoted hereafter as a pseudopuff, or PP) (Figure 1, C and D) . Although varying in its extent from nucleus to nucleus, this impressive mutant phenotype is present in every w m4 X chromosome analyzed and is most prominent in males reared at 25°but not at 18°, thus appearing to be both temperature and sex sensitive. Similar mutant phenotypes were observed in Su(var)3-9 07 /Su(var)3-9 06 and Su(var)3-9 22 /Su(var)3- 9 06 trans-heterozygotes (data not shown). Notably, the pseudopuff sizes are moderate in these mutants, probably because low levels of HMTase activity are still present due to mutant product expression and maternal effect provided by Su(var)3-9/TM6 mothers. The ectopic overexpression of Su(var)3-9 induced in the Sgs3-GAL4.UAS system in mid-third instar Su(var)3-9 06 larvae forces the chromocenter and inverted region 20 to recondense to different extents and the pseudopuff is strongly reduced ( Figure 1E ). Complete absence of the pseudopuff development was found in the control ( Figure 1C ). Thus, we conclude that it is the lack of wild-type level SU(VAR)3-9 HMTase activity that induces formation of a striking new pseudopuff and leads to the improved banding pattern in the proximal part of region 20. Additionally, we demonstrate that the pseudopuff develops in the Su(var)2-5 mutants lacking HP1 as well, although it is not as large ( Figure 1F ). Since recently it was shown that loss of SU(VAR)3-7 (one more constituent protein of heterochromatin) results in loosening of the chromocenter (Spierer et al. 2005) , we can suggest that the pseudopuff phenomenon could be observed in Su(var)3-7 mutants as well. It should be noted that the SuUR mutation suppresses underreplication in IH and partially in PH regions and, therefore, it also ''improves'' the banding pattern of the 20 region to some extent (Kolesnikova et al. 2001) . To test possible genetic interactions of SuUR and Su(var)3-9 mutations, we combined w m4 with Su(var)3-9 and SuUR. In w m4 ; SuUR mutant females, region 20F-3C looks like a massive condensed chromosome block, larger than in the w m4 strain, probably because of suppression of underreplication of some heterochromatic sequences in the SuUR mutant (Figure 2A) . A small but notable pseudopuff appears in w m4 ; Su(var)3-9 females ( Figure  2B ), while a tremendous pseudopuff develops in w m4 ; SuUR Su(var)3-9 females. SuUR and Su(var)3-9 06 appear to display additive effect in terms of improved structure of the entire pericentric region 20 in females ( Figure 2C ). Moreover, the most proximal part of region 20 looks decompacted even in female larvae from the y w, SuUR Su(var)3-9 strain carrying nonrearranged X chromosome, which implies that surprising pseudopuff is not inversion w m4 specific ( Figure 2D ). Pseudopuff develops from distal part of the X chromosome heterochromatin: To identify the material participating in pseudopuff formation, we first used a set of inversions having breakpoints in the Xh and relocating its various parts to euchromatin ( Figure 3J ). This mapping was carried out for female SuUR Su(var)3-9 06 larvae, producing the nice chromosome morphology of region 20 (Figure 3, A-E) . Data shown in Figure 3 , A-C, demonstrate that inversions sc 4 , rst 3 , and w m4 break the pseudopuff as well and thus parts of the pseudopuff are seen on both sides of the heterochromatic breakpoints. At the same time, in the inversions sc V2 and sc 8 that break the X heterochromatin closer to the centromere, the pseudopuff arises only on one side of the inverted chromosome, namely on the distal (toward centromere) part of Xh (Figure 3, D and E) . This indicates that heterochromatic blocks h30-h34 ( Figure 3J ) do not participate in pseudopuff formation.
For more correct identification of pseudopuff material, we performed FISH mapping using several DNA markers [su(f), hSte, 28S, and c23]. The su(f) gene, cytologically mapped at region 20E (Schalet and Lefevre 1973; Yamamoto et al. 1990; Kolesnikova et al. 2001) , is considered to be a conditional ''genetic boundary'' between eu and heterochromatin of the X chromosome (Schalet and Lefevre 1976) . Data on FISH mapping of the su(f) DNA probe using the w m4 inversion indicate that the signal is located just before the pseudopuff and, therefore, the pseudopuff should be mapped next to 20E region, proximally to the region of decondensed bands that we conditionally call 20F1-4 (Figure 3, F and J; also see Figure 1D ).
Two clusters of middle repetitive sequences are localized in distal Xh, hStellate and SCLR ( Figure 3J ) (Nurminsky et al. 1994; Tulin et al. 1997) . The Stellate breakpoint is marked by a dashed line to denote its rough mapping within the h26-h28 blocks. The heterochromatic segments and rearrangement breakpoints are localized according to Gatti and Pimpinelli (1992) ; bands in region 20 are according to Kolesnikova et al. (2001) . Bar, 5 mm.
genes mapped to the heterochromatic block h26 are tandemly repeated. Proximal to hSte ( Figure 3J ), SCLRs are composed of damaged heterochromatic variants of Stellate genes, copia-like elements, LINEs, and rDNA fragments. To map hSte and SCLR gene clusters, we used the hSte DNA fragment (common to both) as a probe for FISH with the sc 4 inversion, which breaks the hSte repeats (Tulin et al. 1997) . In accordance to this data, strong label signals are split and are seen on both sides of the inversion breakpoint in the region 20F1-4 and in the distal part of the pseudopuff ( Figure 3G ). Further, we used 28S rDNA for FISH with inversions rst 3 ( Figure 3H ) and w m4 (data not shown). The 28S rDNA probe strongly labels two regions: the region corresponding to SCLR (the same localization that we determined for the hSte DNA probe) and the region located proximally to the pseudopuff [corresponding to rDNA genes, or the nucleolus organizer (NO)]. Additionally, c23 DNA, normally located in region 3C1-2, 2-3 kb distally from the w m4 breakpoint (Tartof et al. 1984) , labels pseudopuff and often looks diffused ( Figure 3I ), indicating that euchromatic region 3C of the X chromosome could sometimes be involved in pseudopuffing.
So, the data above demonstrate that the pseudopuff develops from chromosomal material corresponding to the proximal part of the h26-h28 mitotic heterochromatin blocks since (i) DNA clones located in the most distal part of heterochromatin of the mitotic X chromosome (h26) mark the most distal part of the pseudopuff and (ii) the NO (h29) proximally borders the pseudopuff but is not involved in it ( Figure 3J ).
The distribution of eu-and heterochromatin-specific proteins within the pseudopuff in the Su(var)3-9 mutants: We next asked whether the alteration of compaction state in heterochromatin and pseudopuff formation in w m4 ; Su(var)3-9 06 nuclei would reflect changes in the localization pattern of heterochromatin-specific proteins. In a wild-type chromocenter, as well as in the w m4 X chromosome, all known heterochromatin-specific proteins completely colocalize and associate with the entire chromocenter (Zhimulev et al. 2004; Dimitri et al. 2005) . In the Su(var)3-9 06 background, HP1 is practically lost from the chromocenter except for weak binding to the core part and is unaffected at the fourth chromosome (Schotta et al. 2002) . We also found no notable HP1 signal in the pseudopuff and in both the X D and X P ends, but, unexpectedly, we often observed a weak binding site in the 20BC region and occasionally in 20F1-4 ( Figure 4A ). The same binding pattern was found for HP2, which has been described as an intimate partner of HP1, interacting with it both in vitro and in vivo (Shaffer et al. 2002; Stephens et al. 2005) ( Figure 4B ).
H3 and H4 histones are generally hypoacetylated within PH (Turner et al. 1992 , Schuebeler et al. 2004 . At the same time, acetylation of H4K12 is now considered to be required for heterochromatin formation and is upstream of H3K9 methylation (Swaminathan et al. 2005) . We observed the H4AcK12 pattern to be unaffected in a mutant chromocenter; however, pseudopuff staining appeared very weak or absent ( Figure 4C ). In contrast, two other heterochromatic proteins, SUUR and SU(VAR)3-7, bind intensively to both region 20BC and the entire body of the pseudopuff (Figure 4 , D and E).
Next, we tested the distribution of several markers characteristic for active or decompacted chromatin (H3Me3K4, JIL-1, PolIIo, MSL2, and Z4) in w m4 control vs. w m4 ; Su(var)3-9 06 mutant X chromosomes. In the control, these proteins show similar localization patterns: they are associated with many interbands and/or puffs along the chromosome arms but are practically absent from the chromocenter (reviewed in Zhimulev et al. 2004) and from the compact heterochromatic block surrounding the w m4 breakpoint (data not shown). In w m4 ; Su(var)3-9 06 mutants, these proteins show strong binding to all corresponding euchromatic regions and, in particular, to interbands that become visible within the region 20A-E. Nevertheless, MSL2, H3Me3K4, JIL-1, and Z4 show common ''gaps'' both in region 20BC and in the pseudopuff, and PolIIo demonstrates weak binding along the entire region 20 (Figure 4, F-J) .
So, decompaction of the heterochromatin region forming the pseudopuff is not accompanied by the appearance of the proteins characteristic of active chromosome regions; loss of the typical heterochromatin proteins SU(VAR)3-9, HP1, and HP2 does not prevent recruitment of SU(VAR)3-7. Unexpectedly, part of region 20BC is found to recruit all heterochromatinspecific proteins analyzed, thus serving as a small ''island'' of PH.
Loss of SU(VAR)3-9 affects replication status of the pseudopuff region: We studied replication timing of the pseudopuff region by means of pulse incorporation of IdU. In w m4 ; SuUR chromosomes (no notable pseudopuff formation), the heterochromatic regions around the breakpoint of w m4 inversion are clearly late replicating ( Figure 5, A and B) . In relatively early stages of S-phase, the 20F-3C region does not incorporate the precursor ( Figure 5A ). When euchromatic regions have almost completed replication, region 20F-3C as well as compact zones within 20B-D are still replicating ( Figure  5B ). In both w m4 ; SuUR Su(var)3-9 06 and w m4 ; Su(var)3-9 06 mutants, the region of the pseudopuff is strongly labeled at relatively early stages of the S-period corresponding to the replication pattern shown on Figure 5D when numerous euchromatic regions incorporate the precursor, and the incorporation completes much earlier than in the neighboring heterochromatic regions 19E and 20C-F ( Figure 5 , C and E). Thus, the material of distal Xh, which undergoes decompaction in a Su(var)3-9 mutant background, also completes replication much earlier than it does as a compacted block. Since this change occurs in the pseudopuff region in mutants, we reasoned that at least some of the DNA sequences within the pseudopuff could be more polytenized than they were in the wild-type X chromosomes. To test this possibility, we studied relative abundance of the DNA fragments in eu and heterochromatin around the distal eu-heterochromatin junction of w m4 in males and females in both wild-type and SuUR and Su(var)3-9 backgrounds.
Several NotI restriction sites within the wild-type 3C region exist according to the Berkeley Drosophila Genome Project. Cutting at these sites generates a series ; SuUR Su(var)3-9 06 , the pseudopuff has already completed the replication while 19E-20F regions are still labeled. of short fragments (0.4-7 kb) and two long fragments of 35 and 509 kb ( Figure 6A ). Presence of these fragments in DNA from different strains bearing nonrearranged X chromosomes of different origin was confirmed by Southern blot hybridization. In SuUR mutants (no underreplication in the IH region 3C), the DNA fragments of 509 and 35 kb are clearly seen (the 35-kb fragment is slightly weaker than the 509-kb one because of incomplete overlap with the probe; Figure 6B ). In contrast, underreplication is particularly strong in 4xSuUR 1 transgenic larvae and results in drastic weakening of the 509-kb signal. Moreover, we see a long smear of shorter fragments (240-400 kb) ( Figure  6B ). These sizes correspond very well to the distance between the NotI site and the site of underreplication in IH in this region (taken from Belyakin et al. 2005) .
In the w m4 inversion, the X chromosome is broken between the w and Syx4 genes, the breakpoint locating 24.5 kb distally to w (Tartof et al. 1984) (Figure 6C ). Therefore, in this stock the 509-kb fragment is broken in two, and there is only 32 kb left from the euchromatic part, which is joined to the heterochromatic fragment now having a total length of 75 kb ( Figure 6C ). Southern hybridization with c23 DNA shows that in the w m4 chromosome, in males and especially in females, intensity of the 75-kb signal is reduced notably in comparison to that of diploid cells DNA ( Figure 6D ). In contrast, intensity of signals for the 75-kb fragment in Figure 6 .-Pulsed-field gel electrophoresis of DNA fragments located in the vicinity of the w m4 inversion breakpoint. Structures of nonrearranged white locus (A) and w m4 distal part (C) are shown. In C, the horizontal line represents euchromatic sequences in region 3C and the thick solid line represents sequences from the heterochromatic region. The restriction fragments analyzed in this report are shown as thin lines and their appropriate locations are given above the maps. The NotI (N) restriction sites that generate these fragments are shown. DNA fragment (c23) used as a probe for Southern blot hybridization is indicated by the shaded bar below the maps along with the Syx4 and white genes as reference points. Approximate position of truncation area within IH of 3C4-5 region is depicted as a dashed line. The coordinate system used for the w m4 distal part is indicated, where 0 kb is defined as the position of the w m4 distal rearrangement junction. Sequences to the right of the w m4 breakpoint extending into heterochromatic material are denoted by positive values and sequences to the left of the w m4 breakpoint are denoted by negative values (C). Results of Southern blot hybridization of the c23 probe with genomic DNA from the nonrearranged white locus (B) and w m4 distal part (D). Nuclei from salivary glands (SG) or imaginal discs-plus-brain complexes (ID1B) of larvae with indicated genotype and sex (m, male; f, female) were collected, DNA was isolated, digested with NotI, fractionated by pulsed-field gel electrophoresis, and analyzed by hybridization. The sizes of hybridized NotI fragments are shown by arrows near each panel. l-Phage DNA concatemers were used as a molecular mass ruler (M).
Su(var)3-9 06 mutants, SuUR mutants, and SuUR Su(var)3-9 06 double mutants is much higher and looks similar to that in diploid cells ( Figure 6D ). In all cases, hybridization intensities of the 75-kb fragment were compared to the intensity of the 35-kb euchromatic fragment ( Figure 6D ). So, absence of both SUUR and SU(VAR)3-9 proteins results in increase in the copy number of heterochromatic DNA fragments found on the distal eu-heterochromatin junction of w m4
. Surprisingly, we observed a reduction in the copy number of the 75-kb fragment concomitant with its underreplication rather than the smear of shortened fragments, similar to the pattern characteristic of underreplicated regions of intercalary heterochromatin (Figure 6D) . We suggest that between the 75-and 35-kb fragments there is a region in genomic DNA that serves as a barrier for replication forks moving from the distal end of the X chromosome to the 3C breakpoint. However, this idea needs to be experimentally tested.
DISCUSSION
Recently it was shown that in Su(var)2-5 and Su(var)3-7 mutants the chromocenter in salivary gland nuclei looks relatively loose and diffuse (Spierer et al. 2005) . We found that loss or drastic reduction in the HMTase activity of SU(VAR)3-9 also results in strong decompaction of PH in polytene chromosomes. Most likely, only the functional complex of all these proteins can form compact pericentric heterochromatin.
We were interested in finding out to what degree the compact state of heterochromatin is dependent on specific heterochromatin proteins, particularly SU(VAR) 3-9. Using a set of chromosome rearrangements placing different parts of X chromosome heterochromatin adjacent to euchromatin, we discovered that different portions of the polytene Xh are very differently affected by loss of SU(VAR)3-9: only the distal part of heterochromatin (heterochromatic blocks h26-h29 of the metaphase chromosome map according to Gatti and Pimpinelli 1992 ) becomes decondensed to a varying extent, while morphology of the heterochromatic blocks h30-h34 appears unaffected.
The extent of heterochromatin decompaction depends on several different factors. The pseudopuff is more pronounced in males than in females. Although MSL2 protein, the core component of the dosage compensation complex (DCC), was not found in the pseudopuff ( Figure 4I ), we suggest that dosage compensation-a process equalizing X-linked gene expression in both sexes-might be responsible for this effect. It is known that DCC is distributed rather discretely, particularly, skipping over IH regions along the male X . Nevertheless, it was shown that the whole X has a decondensed appearance and underreplication in IH regions is highly suppressed due to DCC function . So, we can propose that in males the ''puffed'' portion of pericentric Xh relocated into the vicinity of euchromatin becomes dependent on dosage-compensating mechanisms, similarly to IH regions. Another possibility is that the Y chromosome, which represents an additional factor competing for the compaction proteins, might also contribute to the decompaction of Xh and to pseudopuff formation. To note, the fully heterochromatic Y chromosome comprises 40.9 Mb of DNA, while Xh contains 20 Mb (Adams et al. 2000) .
Among the inversions analyzed, w m4 produces the largest pseudopuff. A good explanation for this effect is currently missing; possibly, the chromatin environment in this eu-heterochromatin junction might contribute to Xh ''puffing'' or some of the DNA sequences might be differentially represented in Xh in different inversions. And finally, decondensation is most strongly expressed on the background of two mutations, Su(var)3-9 and SuUR, despite the fact that SuUR mutation itself does not induce ''puffing'' of Xh. The SuUR mutation results in additional polytenization of some of the Xh regions and thus it might increase the amount of Xh material capable of forming the pseudopuff. So, we believe that loss of both proteins, SUUR and SU(VAR)3-9, has an additive effect on the sizes of the decompacted region.
The region of decondensed heterochromatin that we call the pseudopuff does not demonstrate signs of true transcriptionally active puffs: the proteins characteristic for active decondensed chromatin (Z4, MSL2, JIL-1, and H3Me3K4) were not detected in the pseudopuff, with the exception of a very weak signal of PolIIo ( Figure  4 , F-J). At the same time, in the Su(var)3-9 mutants, HP1 and HP2 are weakly associated with the region 20F1-4, whereas SUUR and SU(VAR)3-7, in contrast, intensively bind the entire body of the pseudopuff (Figure 4 , D and E). Recruitment of SU(VAR)3-7 into the pseudopuff in the absence of HP1 and SU(VAR)3-9 appears to be a very specific characteristic of pseudopuff heterochromatin since HP1 and SU(VAR)3-7 proteins were shown to cooperate closely in chromosome organization and development (Spierer et al. 2005) . Presence of the SUUR and SU(VAR)3-7 in decompacted chromatin of the pseudopuff might indicate that they do not participate in the process of compaction of this heterochromatic material or that they act in this direction only in the complex with functional SU(VAR)3-9.
It is interesting to note that different parts of Xh respond differentially to the removal of this complex. The question then, is which features of organization permit proximal heterochromatin to maintain its dense packing in the absence of HP1 and SU(VAR)3-9 activities? We might propose that these regions are under control of protein complexes of another composition. For example, these complexes might not utilize HMTase SU(VAR)3-9. However, data on position-effect variegation contradict this idea, since gene inactivation induced by chromosome rearrangements in proximal heterochromatin also depends on the SU(VAR)3-9 (Kuhfittig et al. 2001) . We could suggest that these complexes include some additional compacting proteins. It is known that, in contrast to the distal part of PH, its proximal part is enriched with satellite sequences that are associated with some specific proteins. For, example, the AT-hook protein D1 specifically binds to AT-rich satellites in deep Xh (Aulner et al. 2002) .
In the course of investigating pseudopuff replication we found that underreplication of the heterochromatic sequences was suppressed in the region of the eu-heterochromatic junction of the w m4 inversion in Su(var)3-9 mutant. Thus, full polytenization of at least a 45-kb fragment adjacent to euchromatin occurs. The pseudopuff region, in general, completes replication before the end of S-phase; in other words, it does so earlier than the bulk of PH and even some IH regions. Still, a notable fraction of X chromosome heterochromatin sequences remains underreplicated in the polytene chromocenter. We can assume that some Xh regions not only do not complete replication but also do not start it (Lilli and Spradling 1996) . Probably, these regions are separated from replicating chromatin by some barriers (Leach et al. 2000) that prevent progression of replication forks from adjacent replicons. Therefore, for the first time we demonstrate that Su(var)3-9 06 may act as a suppressor of underreplication. However, we do not know how this mutation can affect underreplication in other heterochromatic regions.
Replication timing of the pseudopuff is notably changed in the absence of essential changes in transcriptional activity (the PolIIo painting of the pseudopuff looks no more intensive than that of the chromocenter). Moreover, the H3K4 methylation mark characteristic of active regions was not found in the pseudopuff at all. At the same time we can point to the correlation between the shift to earlier replication and chromatin decompaction. This observation is interesting in relation to cause-effect relationships among replication timing, transcriptional activity, and decompaction of chromatin (for review see Donaldson 2005) .
It is interesting to note that the effect of the SuUR mutation, known as suppression of underreplication (Belyaeva et al. 1998) , was found not only in PH but also in all IH regions and that these regions complete replication earlier in SuUR mutants than in wild-type ones . The pseudopuff material in SuUR mutants is virtually at the same level of polytenization as in the Su(var)3-9 mutant. However, the SuUR mutation does not involve decompaction of the distal Xh. The same was noted for IH regions. Even if SuUR does induce decompaction of high-level chromatin structures, this is not detected by cytological means. Therefore, SuUR mutation affects replication timing differently compared to Su(var)3-9.
Summing up, we can conclude that the reaction of pericentric heterochromatin to loss of SU(VAR)3-9 and HP1 varies in different regions of X heterochromatin. Only the distal part of it undergoes decondensation and forms a new structure called a pseudopuff, which has a specific organization, demonstrating some characteristics of active chromatin: decompaction and, concomitantly, earlier completion of replication. At the same time, the pseudopuff does not contain proteins of active chromatin but does contain several heterochromatic proteins.
